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ABSTRACT

The RELAP/MOD3.2 computer code has been assessed using an 11% upper plenum break 
experiment in the PSB test facility at the Electrogorsk Research and Engineering Center. This work was 
performed as part of the U.S. Department of Energy’s International Nuclear Safety Program, and is part 
of the effort addressing the capability of the RELAP5/MOD3.2 code to model transients in Soviet-
designed reactors. 

Designated VVER Standard Problem PSBV1, the test addressed several important phenomena 
related to VVER behavior that the code needs to simulate well. The code was judged to reasonably model 
the phenomena of two-phase flow natural circulation in the primary coolant system, asymmetric loop 
behavior, leak flow, loop seal clearance in the cold legs, heat transfer in a covered core, heat transfer in a 
partially covered core, pressurizer thermal-hydraulics, and integral system effects. The code was judged 
to be in minimal agreement with the experiment data for the mixture level and entrainment in the core, 
leading to a user recommendation to assess the sensitivity of transient calculations to the interphase drag 
modeling in the core. No judgments were made for the phenomena of phase separation without mixture 
level formation, mixture level and entrainment in the steam generators, pool formation in the upper 
plenum, or flow stratification in horizontal pipes because either the phenomenon did not occur in the test 
or there were insufficient measurements to characterize the behavior. 
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RELAP5/MOD3.2 Assessment Using an 11% Upper 
Plenum Break Experiment in the PSB Facility 

1. INTRODUCTION 

The RELAP5/MOD3.2 computer code is being investigated to determine its applicability for 
modeling transients in Soviet-designed reactors. Part of that investigation includes assessment of the code 
using experiment data. Such an assessment has been performed using data from the PSB facility at the 
Electrogorsk Research and Engineering Center for Nuclear Plants Safety (EREC). 

This work has been undertaken as part of Joint Project #6, "Verification of Software with Respect to 
VVER and RBMK Reactors," of the U.S. Department of Energy’s International Nuclear Safety Program 
(INSP). Russian experts and scientists from the United States are collaborating in the code assessment 
process. The specific experiment being used for this study was an 11% break in the upper plenum, which 
is a counterpart to an earlier experiment performed in the ISB facility. That earlier experiment was 
analyzed as VVER Standard Problem #5 in the INSP code validation effort; the current test is designated 
as Standard Problem PSBV1. 

1.1 Important Phenomena 

Reference 1 identifies the transient phenomena that are important for any code to be able to model 
well in order to provide confidence in the simulation of VVER transient behavior. The standard problem 
definition report2 identifies the following phenomena as being addressed by this experiment: 

• Two-phase flow natural circulation in the primary coolant system 

• Asymmetric loop behavior 

• Leak flow 

• Separation of phases without mixture level formation 

• Mixture level and entrainment in the steam generators 

• Mixture level and entrainment in the core 

• Flow stratification in horizontal pipes 

• Loop seal clearance in the cold legs 

• Pool formation in the upper plenum 

• Heat transfer in a covered core 

• Heat transfer in a partially uncovered core 

• Pressurizer thermal-hydraulics 
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• Integral system effects. 

1.2 Code Capability Determination 

Judgments regarding code fidelity were made based on the code/data comparisons presented in this 
report. These judgments were based on the application of a standardized, consistent, and qualitative set of 
criteria. The terminology of these criteria is defined below. 

"Excellent agreement" applies when the code exhibits no deficiencies in modeling a given behavior. 
Major and minor phenomena and trends are correctly predicted. The calculated results are judged to 
agree closely with the data. The calculation will, with few exceptions, lie within the uncertainty 
bands of the data. The code may be used with confidence in similar applications. (The term "major 
phenomena" refers to the phenomena that influence key parameters such as fuel rod cladding 
temperature, pressure, differential pressure, mass flow rate, and mass distribution. Predicting major 
trends means that the prediction shows the significant features of the data. Significant features 
include the magnitude of a given parameter through the transient, slopes, and inflection points that 
mark significant changes in the parameter.) 

"Reasonable agreement" applies when the code exhibits minor deficiencies. Overall, the code 
provides an acceptable prediction. All major trends and phenomena are correctly predicted. 
Differences between calculation and data are greater than deemed necessary for excellent 
agreement. The calculation will occasionally lie outside the uncertainty bands of the data. However, 
the correct conclusions about trends and phenomena would be reached if the code were used in 
similar applications. The code models and/or facility model noding should be reviewed to see if 
improvements can be made. 

"Minimal agreement" applies when the code exhibits significant deficiencies. Overall, the code 
provides a prediction that is only conditionally acceptable. Some major trends or phenomena are not 
predicted correctly, and some calculated values lie considerably outside the uncertainty bands of the 
data. Incorrect conclusions about trends and phenomena may be reached if the code were used in 
similar applications, and an appropriate warning needs to be issued to users. Selected code models 
and/or facility model noding need to be reviewed, modified, and assessed before the code can be 
used with confidence in similar applications. 

"Insufficient agreement" applies when the code exhibits major deficiencies. The code provides an 
unacceptable prediction of the test. Major trends are not predicted correctly. Most calculated values 
lie outside the uncertainty bands of the data. Incorrect conclusions about trends and phenomena are 
probable if the code is used in similar applications, and an appropriate warning needs to be issued to 
users. Selected code models and/or facility model noding need to be reviewed, modified, and 
assessed before the code can be used with confidence in similar applications.

Assessment findings of “excellent” or “reasonable” indicate that the code can model those 
phenomena acceptably. 

Subsequent sections of the report present a description of the test facility and experiment, the 
RELAP5 code and test facility input model, the assessment results, the conclusions reached in the 
assessment study, and references. 
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2. FACILITY AND TEST DESCRIPTION 

Standard Problem PSBV1 is based on an 11% upper plenum break in the PSB-VVER test facility. 
The facility and the specific test are described in the following subsections. 

2.1 Experiment Facility 

The PSB-VVER facility (see Figure 1) is a full-height scale model of a VVER-1000 reactor that is 
approximately 1/300 scale in volume and power. The facility has four coolant loops. The pressurizer 
surge line is connected to two of the hot legs, with only one flow path being used in a given experiment. 
Emergency core coolant (ECC) injection is provided by four accumulators and by an active pump 
simulating the high- and low-pressure injection system pumps. All system components are insulated from 
the environment with glass wool insulation, but during initial steady state operation about 3.4% of the 
input heat is lost to the environment. 

The internals of the VVER vessel are represented in the facility by separate pipes for the 
downcomer, the core and upper plenum, and the core bypass. A horizontal pipe connects the lower 
portion of the downcomer to the core and core bypass pipes. There is also a small pipe connecting the top 
of the downcomer to the upper plenum. The core contains 168 full height hollow fuel rod simulators 
(hereinafter, heater rods) with a uniform power profile and a center unheated rod. About 3% of the 
downcomer flow is diverted through the core bypass instead of going through the core. Special flow 
restrictors, each consisting of a plate with 2 holes of 7 mm diameter, were inserted at either end of the 
core bypass section. The bypass section is heated over the same elevation range as the core but only 
receives about 1% of the core power. 

Each coolant loop includes a hot leg, steam generator, pump suction piping, pump, and cold leg. The 
primary side of each steam generator contains hot and cold collectors, and 27 steam generator tubes. Each 
tube is a coil with ten complete turns, inclined slightly downward from the hot collector to the cold 
collector. The secondary side has a feedwater ring in the plenum above the steam generator tubes, and no 
separate downcomer region. The four steam generators are connected to a common steam header.  
Feedwater flow to the steam generators is not continuous. Flow is provided when needed to keep the 
water level within the desired operating band. 

The break was located in a special pipe connected to the upper plenum. An insert with an inner 
diameter of 16 mm and a length-to-diameter ratio of 10 was installed in the 45-mm diameter break piping. 
A valve downstream of the insert was opened to initiate the transient. 

Cylinders in the downcomer and upper plenum are used to separate the ECC flows from the break 
and the hot and cold leg nozzles. The break piping and hot and cold legs are connected to the outer walls 
of the upper plenum and downcomer. The ECC is connected to the inside of these cylinders, providing a 
barrier to immediate bypass of the ECC flow into the loop piping or out the break. 

2.2 Test Procedure 

The 11% upper plenum break represented a rupture of an emergency core cooling system (ECCS) 
injection line. The ECCS equipment available for this experiment was high pressure injection (HPI) to the 
loop 4 hot leg and all four accumulators. 

The experiment was initiated from steady state conditions by opening the break. The electrical power 
supplied to the heater rods and the core bypass heaters was reduced to simulate reactor scram. Following  
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Figure 1. General view of the PSB facility.
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the simulated scram, feedwater flow to the steam generators was stopped, and the steam line isolation 
valves were closed. The main circulation pumps were tripped near 10 s. High pressure injection flow was 
initiated at an upper plenum pressure of 10.5 MPa, providing coolant flow to the loop 4 hot leg. The 
transient was then allowed to progress until elevated temperatures were measured in the core and core 
bypass structures. When the core bypass structure temperature reached 673 K, the bypass heaters were de-
energized. Power to the core was turned off at 1037 s, terminating the test, when the peak measured 
heater rod temperature was near 1100 K. 
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3. CODE AND INPUT MODEL DESCRIPTION 

The RELAP5/MOD3.2 code and input model used for the assessment calculations are described 
below. Also addressed are the initial and boundary conditions used for the transient calculations. 

3.1 RELAP5/MOD3.2 

The RELAP5/MOD3.2 computer code3 was developed at the Idaho National Engineering and 
Environmental Laboratory (INEEL) for use in analyzing transients in light water reactors. It can be used 
for simulating a wide variety of system transients of interest in reactor safety. The core, primary system, 
secondary system, feedwater train, and system controls can be simulated. 

RELAP5/MOD3.2 uses a one-dimensional, two fluid, nonequilibrium, six equation hydrodynamic 
model with a simplified capability to treat multi-dimensional flows. This model provides continuity, 
momentum, and energy equations for both the liquid and the vapor phases within a control volume. The 
energy equation contains source terms which couple the hydrodynamic model to the heat structure 
conduction model by a convective heat transfer formulation. The code contains special process models for 
critical flow, abrupt area changes, branching, crossflow junctions, pumps, accumulators, valves, core 
neutronics, and control systems. A countercurrent flow limitation model can also be applied at vertical 
junctions. The reflood model does not work properly in this version of the code. 

The code has been developed to run on a variety of computing platforms, from mainframes to 
personal computers. Configuration control is maintained on all versions of the code developed at the 
INEEL.

3.2 RELAP5 Input Model 

All of the major features of the experiment facility were included in the RELAP5 input model. Each 
of the four coolant loops included a hot leg, steam generator, pump suction loop seal piping, main coolant 
pump, and a cold leg. The downcomer, core, core bypass, upper plenum, and bypass piping between the 
downcomer and upper plenum were also included in the model. The pressurizer was modeled, with surge 
lines connecting to two of the hot legs. The secondary side of the steam generators included main and 
auxiliary feedwater, individual steam lines and the common steam header. High pressure injection flow 
was provided to the loop 4 hot leg, and four accumulators provided flow to the downcomer and upper 
plenum (two to each location). Relief valves were included on the pressurizer and each of the steam lines. 
Figure 2 provides a nodalization diagram for the model, showing the reactor vessel components and one 
coolant loop with the pressurizer; the other three loops have identical nodalizations, except that two loops 
are not connected to the pressurizer. The model contains 534 volumes, 557 junctions, and 521 heat 
structures with 5549 mesh points. Standard modeling guidelines were followed in developing the 
nodalization of the system. The nodalization approach was peer reviewed. Appendix A provides a listing 
of the input model. 

The steam generator secondary side is modeled with a single stack of volumes in the tube bundle 
region. There is no physical barrier between the tube bundle and the outer shell of the steam generator, 
and attempts to model a downcomer region separate from the riser, with crossflow junctions between 
them, resulted in unphysical flow rates. 

The heat transfer coefficient on the inside of the steam generator tubes was increased by 20% by 
using a fouling factor of 1.2. This was done to estimate the convective heat transfer enhancement caused 



7

30

4050

24

18

20
22

520

525

530

572578
575

535
582 588

585

62

70

15

10
12

64

66

ECC

ECC

2826
27

480
485

482

481

700
705

450

475

459

472

470

415 429

470
470

425

424

423

422

421

410 430

443

401

ECC

442445

455

451

456

511

505 Hot Leg 2

515

513

02-GA51102-02

ECC

435

440

Steam Header
Steam Generator

Pressurizer

Downcomer

Core/Upper Plenum

Coolant Loop 4

Break

800 802
801

Figure 2. Nodalization of the PSB reactor vessel, pressurizer, and one coolant loop. 



8

by the coiled tubes,4 because the wall heat transfer model available in RELAP5 was developed for 
straight tubes. 

No data were available on the pump performance, so built-in data for Westinghouse pumps were 
used. No two-phase degradation was modeled because no appropriate data were available; this is not 
expected to affect the transient behavior because the pumps coast down very quickly (~4 s) after being 
tripped.

There was no measurement of the flow through the core bypass. The loss coefficients through the 
bypass flow path were adjusted during the steady state calculation so that the calculated coolant 
temperature at the top of the core bypass matched the measured value of 570 K (measurement YC01T03). 

Choking was turned off at most of the junctions, as recommended in the code user guidelines. 
Exceptions were the break, at valves, at the pressurizer connection to the surge line and the surge line 
connections to the hot leg, and at the core outlet. The break piping was attached to the upper plenum one 
volume below the hot leg connections. The break was modeled as an abrupt area change with user-input 
loss coefficients of 1.465 (calculated for the break geometry). No characterization data were available for 
the break geometry. Based on previous experience, a subcooled discharge coefficient of 0.80 was used; 
the saturated and superheated discharge coefficients were left at the default value of 1.0. 

The RELAP5/MOD3.2 countercurrent flow limitation (CCFL) model was applied at five locations in 
the model: in the downcomer below the accumulator injection nozzles, at the core outlet, in the upper 
plenum below the accumulator injection nozzles, at the plate between the upper plenum and the upper 
head, and at the outlet of the riser section on the secondary side of the steam generators. These junctions 
were selected because they were vertically oriented, represented places where the flow area changed, and 
modeled regions of the facility where CCFL might be expected to occur. 

The heat loss from the primary and secondary was represented in the RELAP5/MOD3.2 model by 
entering the thickness of the insulation on the outside of all the pipes and other system components. 
Appropriate material properties were input for the insulation. A constant boundary temperature was 
applied. The heat transfer coefficient on the outer surface of the insulation was determined from model 
benchmarking calculations using heat loss data from the facility.5

3.3 Initial and Boundary Conditions 

A steady state calculation was performed to establish the desired initial conditions in the PSB facility 
model for the transient calculation. Results from this calculation are compared to the values from the 
experiment in Table 1. Except for the steam generator pressures, all of the calculated initial conditions 
were in good agreement with the measured values. The steam generator pressures are lower than the 
measured values. In the steady state calculation, the steam header pressure was adjusted to achieve the 
desired reactor vessel inlet temperature; the resulting pressure required to remove the heat from the tubes 
was lower than in the experiment. This is likely the result of not having appropriate, specific heat transfer 
correlations for the coiled geometry of the steam generator tubes. The accumulator levels and pressures 
are also slightly different in some cases. The measured values in the table were taken from the experiment 
data report,6 while the RELAP5 input model initial values were adjusted to match the initial values from 
the electronic data file. 

The initial conditions for the test were not all steady. For example, the feedwater flow to the steam 
generators was not continuous in the facility. Intermittent flow was used to keep the liquid level within a 
desired band. By contrast, a steady feedwater flow was maintained to keep the level constant at the 
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Table 1. Measured and calculated initial conditions for the PSB 11% upper plenum break experiment. 

Parameter Measured Calculated 
Upper plenum pressure (MPa) 16.9 16.9 
Downcomer inlet temperature (K) 559.7 559.7 
Upper plenum outlet temperature (K) 589.7 589.5 
Core power (kW) 1520 1520 
Core bypass power (kW) 17.4 17.4 
Pressurizer levela (m) 6.99 6.99
Loop flow (kg/s)   
     Loop 1      2.3 2.3
     Loop 2 2.3 2.3 
     Loop 3 2.3 2.3
     Loop 4 2.4 2.4
Liquid level (m) 
     Steam generator 1 1.71 1.71 
     Steam generator 2 1.71 1.71 
     Steam generator 3 1.84 1.84 
     Steam generator 4 1.74 1.74 
Pressure (MPa)   
     Steam generator 1 7.43 7.17 
     Steam generator 2 7.47 7.17 
     Steam generator 3 7.33 7.17 
     Steam generator 4 7.43 7.17 
Liquid level (m)   
     Accumulator 1 4.84 4.83 
     Accumulator 2 4.84 4.84 
     Accumulator 3 4.86 4.86 
     Accumulator 4 4.85 4.84 
Pressure (MPa)   
     Accumulator 1 5.8 5.9 
     Accumulator 2 5.8 6.0 
     Accumulator 3 5.9 5.9 
     Accumulator 4 5.9 5.9 

a. The specified pressurizer level is the reading from measurement YP01L02, whose lower tap is 1.885 m 
above the bottom of the pressurizer. 

desired initial value in the RELAP5 calculation. The impact of the different approach in the calculation is 
that although the initial liquid level is at the desired value, the feedwater flow rate is different from the 
measured value in each of the steam generators. Since the steam generator secondary behavior is not 
significant in this transient, this anomaly is not expected to have a noticeable impact on the primary 
coolant system behavior. 

The core power measured during the experiment was input as the power table in the RELAP5 
calculation. The measured core bypass power was also input as a boundary condition, with the power 
being held constant at 11.6 kW until the maximum temperature in the core bypass piping reached 673 K; 
at that time, the power was turned off to protect the heater. 



10

HPI flow and temperature were also input as boundary conditions for the calculation, based on the 
measured data; the HPI flow was a specified boundary condition for the test as well. HPI flow was started 
when the upper plenum pressure decreased to 10.5 MPa; in the calculation, a 0.7-s delay was included to 
account for signal processing time. The timing of the feedwater and steam valve closings in the input deck 
were also based on the measured data. 

The transient calculations were terminated when the peak heater rod temperature reached 1073 K. 

3.4 Calculation Information 

The RELAP5 calculations were run on a DEC AlphaStation 600 computer. The semi-implicit 
solution scheme was used. The base case transient calculation ran 830 s of transient in 4112 s of cpu time. 
The calculated mass error in the primary coolant system was less than 0.5% of the total system coolant 
mass at the end of the calculation, indicating that the calculated response was not compromised by the 
accuracy of the numerical solution. 
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4. CODE ASSESSMENT 

Once acceptable steady state conditions were established, transient calculations were undertaken. In 
addition to the base case calculation, several sensitivity calculations were performed to investigate certain 
aspects of the transient and code performance that were of particular interest. 

Assessment judgments were made for the high-ranked phenomena believed to be addressed by this 
experiment. These phenomena were listed in Section 1, as were the assessment definitions and criteria. 

4.1 Base Case 

The behavior in the four loops was very similar. The discussions below will generally address only 
one loop, with the understanding that the same behavior was observed or calculated in the other three 
coolant loops. In those cases where different phenomena were observed, they will be presented. 

Measured and calculated pressures in the upper plenum are presented in Figure 3. Table 2 provides 
the sequence of significant events for the experiment. A brief overview of the behavior observed in the 
experiment is provided here, then the comparisons between the data and calculations will be presented 
and discussed. Following the break opening, the system pressure decreased rapidly. The depressurization 
slowed near 50 s, as liquid began to boil in the core. As the pressure continued to decrease, accumulator 
injection began near 200 s. Condensation of some of the steam in the system by the cold ECC liquid 
caused the depressurization rate to increase. The ECC injection flow could not fully compensate for the 
break flow, allowing the core liquid level to drop low enough that the core began to heat up above the 
coolant saturation temperature. A cyclic behavior was then observed in the primary coolant system. The 
accumulator injection increased the depressurization rate because of steam condensing on the cold water  
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Table 2. Sequence of events for the PSB 11% upper plenum break experiment. 

Time (s) Event
Data Calculation 

Break opens 0 0 
Scram/power decrease 5 5a

Pressurizer heaters turned off 6 5 
Main coolant pumps tripped 10 10 a

Steam generator 4 feedwater flow ends 10 10 a

Steam generator 1 feedwater flow ends 13 13 a

Steam generator 3 feedwater flow ends 14 14 a

Steam generator 2 steam flow ends 17 17 a

Pressurizer above heaters empties (measurement YP01L02) 19 16 
Steam generator 1 steam flow ends 20 20 a

HPI starts 21 18 
Steam generator 4 steam flow ends 23 23 a

Steam generator 3 steam flow ends 24 24 a

Primary pressure drops below secondary pressure 86 83 
Accumulator 4 injection starts 165 163 
Accumulator 2 injection starts 175 157 
Accumulator 3 injection starts 184 163 
Accumulator 1 injection starts 194 163 
Core heatup starts 222 170 
Core bypass heater tripped 559 -- 
Experiment terminated 1037 830 

a. Specified boundary condition in the calculation, based on the experiment data. 

being injected. This further increased the accumulator flow, refilling parts of the downcomer and core. As 
the liquid level in the core increased, the heater rods were quenched, and the increased vapor generation 
caused the pressure to increase, stopping accumulator injection. Without the accumulator injection, the 
liquid level in the core decreased, and the heater rods began to heat up again. The vapor generation rate 
was reduced because less liquid was available to boil, so the pressure decreased, allowing the 
accumulators to inject liquid again. This cyclic accumulator injection continued through much of the 
experiment, although the injection became less effective in stopping the core heatup; after 700 s, the 
injection was unable to completely quench the core. The test was terminated shortly after 1000 s to 
protect the heater rods, when the maximum heater rod temperature was near 1100 K. 

The calculated pressure decreased a little more rapidly than was measured immediately after the 
break was opened, and again when accumulator injection began. The calculation exhibited the same 
effects of the accumulator injection as the test, with the depressurization rate increasing as the injection 
began, then the pressure increasing to temporarily stop the injection as more liquid was boiled in the core, 
although the magnitude of the pressure changes was smaller than in the test. 

Measured and code input core and core bypass powers are shown in Figures 4 and 5, respectively. 
The bypass heater was turned off when high heater temperatures were achieved, which occurred in the 
test but not in the calculation. Figure 6 shows the power to the pressurizer heaters. In the test, full power 
to the heaters was provided for about 5 s. In the calculation, the pressure decreased more rapidly, and full 
power to the heaters was provided for about 4 s. In both cases, power to the heaters was shut off when the 
pressure decreased to 13.73 MPa.
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Figure 4. Core power. 
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Figure 5. Core bypass power for the base case. 
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Figure 6. Pressurizer heater power for the base case. 

Figure 7 shows the mass flow rate through the break. Despite the higher calculated peak flow rate, 
the calculation released about the same total mass through the break during the first 20 s. The calculated 
flow rate was then higher than the measured value for about 50 s, although the upstream fluid densities, 
shown in Figure 8, were the same; this is an indication that using a smaller discharge coefficient in the 
input model would provide a better match to the data. The calculated flow made the transition to a high 
quality mixture faster than the test, resulting in a lower flow rate from 100-300 s. The periodic 
accumulator injection had a more noticeable effect in the test than in the calculation, causing small 
increases in the mass flow rate as some of the liquid being injected into the upper plenum was entrained 
through the break. This is also seen in the fluid density figure. Both the measurement and the calculation 
show large variations in the fluid density upstream of the break through much of the transient. The 
measured density increase at the beginning of the transient is questionable. The measured temperature, 
shown in Figure 9, indicates that in the first 20 s both the temperature and density have increased from 
their initial values, while the pressure has decreased, which is not self-consistent. The measured 
temperature was very close to the saturation temperature throughout the test, with a few sharp decreases 
in temperature indicating colder liquid flowing to the break. This effect was more pronounced in the 
calculation, where the discrete nodalization allows the colder ECCS flow to be transported to the break 
piping with less heating than appears to be occurring in the test. 

Figure 10 presents the measured and calculated pressurizer levels, for the instrument that spans the 
portion of the pressurizer from just above the heaters to the top of the tank. This portion of the pressurizer 
drained slightly faster in the calculation than in the test, emptying at 16 s compared to 19 s. Using a 
smaller break discharge coefficient, as mentioned above, would improve the draining comparison. 

Liquid levels in accumulator 1, which are representative of all the accumulators, are shown in 
Figure 11. In both the data and the calculation, the periodic injection is reflected in the level response.  
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Figure 7. Break flow rate for the base case. 
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Figure 8. Fluid density in the break piping for the base case. 
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Figure 9. Fluid temperature in the break piping for the base case. 
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Figure 10. Pressurizer liquid level for the base case. 
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Figure 11. Accumulator 1 liquid level for the base case. 

The level decreased more rapidly in the calculation than in the test because the calculated primary system 
pressure was lower than the measured value. 

Accumulator 1 pressures are shown in Figure 12. As with the accumulator levels, the pressure 
reflects the periodic injection to the primary system, with the calculated pressure dropping earlier because 
of the lower calculated primary system pressure. The small increases in pressure between injections in the 
data were not captured in the calculation. The pressure increased because of heat transfer from the hotter 
walls to the vapor in the accumulator, an effect that was underpredicted by the code. 

Mass flow rates through two of the coolant loops are shown in Figures 13 and 14. According to the 
experiment data report,6 the measurements are only reliable until 50 s. This time period includes the pump 
coastdown, starting at 10 s, and the transition to natural circulation flow. The calculations for both loops 1 
and 4 are in excellent agreement with the data during this period. Once natural circulation was established 
in the loops, it did not last long. As steam continued to be generated in the system, it displaced liquid in 
the steam generators, causing a steady decline in the loop flow rate; by 200 s, there was essentially no 
flow through the coolant loops in the calculation. 

With no forced flow through the system, the differential pressure measurements provide an 
indication of the collapsed liquid level, or average void fraction, between the pressure taps. The indicated 
differential pressure will move toward zero (the absolute value decreases) as the liquid between the 
pressure taps is replaced by steam (as the void fraction increases or the collapsed level decreases). These 
instruments can be used to determine how the liquid is distributed in the facility. 

Differential pressures in different axial regions of the core are shown in Figures 15-17. The initial 
void formation in the core was reasonably simulated by the code. In the experiment, the upper portion of   
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Figure 12. Accumulator 1 pressure for the base case. 
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Figure 13. Loop 1 mass flow rate for the base case. 
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Figure 14. Loop 4 mass flow rate for the base case. 
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Figure 15. Differential pressure in the lower portion of the core simulator for the base case. 
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Figure 16. Differential pressure in the middle portion of the core simulator for the base case. 
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Figure 17. Differential pressure in the upper portion of the core simulator for the base case. 
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the core had less liquid than the lower portions, while in the calculation the axial void profile was fairly 
uniform. The effects of the accumulator injection were also different in the test and calculation. In the 
test, the beginning of the accumulator injection cycle resulted in decreases in the differential pressure 
after a short delay. After the injection stopped, the differential pressures in the upper and lower portions 
slowly moved toward their previous values, and the middle of the core saw a rapid increase to values 
above zero. Since the measurement should read slightly below zero when the region is steam filled, this 
may be an indication of a problem with the measurement. In the calculation, there was no noticeable 
effect of the accumulator injection on the differential pressures. This is further illustrated by the core 
collapsed level response, shown in Figure 18, where there is very little change in the core liquid content 
during most of the transient. 

The differential pressure across the core bypass is shown in Figure 19. The calculation agrees well 
with the data before accumulator injection begins, then generally has less liquid than in the test. When 
accumulator injection starts before 200 s, the initial effect is a reduction in the liquid level in the core 
bypass. The reduced system pressure resulting from condensation on the injection liquid allows some of 
the remaining liquid to flash or boil. Subsequent injections of liquid from the accumulators resulted in 
level increases in both the data and calculation, which are reflected as decreases in the differential 
pressure. The impact of the injection is more pronounced in the test than in the calculation. Despite 
retaining less liquid, the core bypass wall temperatures were lower in the calculation than were measured. 
With lower temperatures, the bypass heater power remained on throughout the calculation, whereas in the 
test the power was reduced to protect the heaters when the peak temperature reached 673 K near 560 s. 

Differential pressures in the upper plenum are shown in Figures 20 and 21. More liquid was retained 
in the calculation than in the experiment, particularly in the upper portion of the upper plenum. Possible 
reasons for the overprediction of the liquid inventory in the upper plenum are that CCFL at the core exit is 
preventing liquid from falling back into the core region in the calculation, that the interphase drag is 
overpredicted at the core exit, again preventing liquid from separating from the vapor flow and draining 
to lower portions of the reactor vessel, or that interphase drag is underpredicted at the connection to the 
break piping, not allowing enough liquid to be entrained from the upper plenum into the break piping. 

Differential pressures in the upper head are shown in Figures 22 and 23. The early draining of the 
upper head region was well calculated by the code. 

Differential pressures in the downcomer are shown in Figures 24 and 25. In the test, the upper 
portion of the downcomer drained completely before 200 s. Water injection from the accumulators 
temporarily restored liquid to this region, but it drained completely between injection cycles. The 
calculated level did not drop that far, retaining some liquid between injection cycles. Accordingly, the 
calculated differential pressure in the lower portion of the downcomer did not show as much of an effect 
of the accumulator injections, especially later in the transient. A major feature not captured in the 
calculation is the apparent complete draining of the downcomer near 200 s. This was the only time during 
the test that the level dropped nearly that far, and it is not clear what caused this response, as there is no 
corresponding change in other differential pressure measurements that indicate that liquid has flowed 
from the downcomer to some other location in the system; in fact, the core and core bypass differential 
pressures also show a reduction in liquid inventory at this time. 

Figure 26 shows the differential pressure in the steam generator 1 hot collector, which is typical of 
the behavior seen in all four loops. The hot collector drains within about 70 s in the test, and a little earlier 
in the calculation, not long after boiling began in the core. The steam generator tubes then drained into the 
cold collector; in the calculation, all of the tubes were dry by about 180 s. 
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Figure 18. Core collapsed liquid level for the base case. 
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Figure 19. Core bypass differential pressure for the base case. 
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Figure 20. Differential pressure in the lower portion of the upper plenum for the base case. 
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Figure 21. Differential pressure in the upper portion of the upper plenum for the base case. 
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Figure 22. Differential pressure in the lower portion of the upper head for the base case. 
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Figure 23. Differential pressure in the upper portion of the upper head for the base case. 
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Figure 24. Differential pressure in the lower portion of the downcomer for the base case. 

0 200 400 600 800 1000 1200
Time (s)

-40

-30

-20

-10

0

10

D
iff

er
en

tia
lP

re
ss

ur
e

(k
Pa

)

PSB 11% Upper Plenum Break

YC01DP03 (Experiment)
cntrlvar-1003 (RELAP5)

Data uncertainty =  ± 0.7 kPa

ACC injection starts

ACC injection stops

Figure 25. Differential pressure in the upper portion of the downcomer for the base case. 
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Figure 26. Differential pressure in the steam generator 1 hot collector for the base case. 

The behavior of the loop seals is illustrated by the differential pressures in Figures 27-29. When the 
accumulators were injecting liquid, condensation in the vessel drew liquid from the steam generator side 
of the loop seals into the pump side; since the pump side was full during the first half of the transient, the 
evidence is in the pump differential pressure measurement. When the injection stopped, the liquid levels 
on the two sides of the loop seal equilibrated, moving liquid from the pump side to the steam generator 
side. However, some of the liquid flowed through the cold leg to the downcomer during the injection 
phase, so that the amount of liquid in the loop seals decreased with each injection cycle, leading to loop 
seal clearing near 750 s. In the calculation, the loop seals had cleared by about 400 s. As in the test, the 
pump differential pressure calculation (Figure 29) showed that liquid was being drawn from the loop seal 
into the pump when the accumulators were injecting. 

Measured and calculated fuel simulator cladding surface temperatures are shown in Figures 30 and 
31, respectively. The data show a series of top-down core heatups that were terminated by accumulator 
injection, returning the cladding to the coolant saturation temperature. As the transient progressed, the 
accumulator injection became less effective in terminating the heatup, as more of the length of the heater 
rods became involved in the heatup. By the end of the transient, the accumulator injection could only 
partially cool (not quench) the core, and the heatup continued until the power was reduced to protect the 
heater rods. In the calculation, the heatup started about 50 s earlier than in the test, because of the lower 
system pressure, and there were almost continuous small heatups of 20-30 K over the entire length of the 
core. While a greater portion of the core was involved than in the test, the heatups were not as extensive. 
Near 350 s, a more extensive heatup was calculated in the top portion of the core, which was subsequently 
quenched by accumulator injection. The next two periods of extended core heatup were only partially 
quenched by the accumulator injection, and the temperatures increased sufficiently that the calculation 
was terminated at 830 s. 
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Figure 27. Differential pressure in the SG side of the loop 1 loop seal for the base case. 
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Figure 28. Differential pressure in the pump side of the loop 1 loop seal for the base case. 
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Figure 29. Differential pressure across the loop 1 pump for the base case. 
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Figure 30. Measured heater rod surface temperatures. 
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Figure 31. Calculated heater rod surface temperatures for the base case. 

The response of the top-most measured temperature near the end of the test suggests that there may 
have been some liquid entering the core from the upper plenum to partially cool the upper end of the 
heater rods. This was not predicted in the calculation, where the CCFL model was invoked at the core 
outlet junction more than 70% of the time after the core heatup began, often preventing liquid in the upper 
plenum from flowing down into the core. Measured temperatures near the top of the core from several 
different heater rods are shown in Figure 32, where it is seen that there is some radial variation in the 
temperatures. There are likely some multi-dimensional effects in the experiment that allow some liquid 
penetration from the upper plenum into the core, but these cannot be captured with the one-dimensional 
nodalization used in the RELAP5 model. 

Fluid temperatures in the top of the upper head are presented in Figure 33. In both the test and the 
calculation, this region is stagnant, and the vapor temperature remains superheated because of heat 
transfer from the hot vessel wall. 

Coolant temperatures in the loop 4 hot leg are shown in Figure 34. The effect of the HPI flow is 
evident in both the data and the calculation. The highly subcooled liquid being injected flows toward the 
reactor vessel, sharply reducing the temperature being measured when it contacts the thermocouple. This 
effect is seen much earlier in the calculation than in the data. 

Coolant temperatures in the loop 1 hot leg are presented in Figure 35. After natural circulation flow 
ends, the measured temperature begins to show superheating. This could be the result of actual 
superheating of the vapor, or the thermocouple could be reading a wall temperature rather than the fluid 
temperature. In either case, the superheated temperature is an indication that there is little to no flow 
through the loop. The temperature returns to the saturation temperature as the accumulators empty. The 
condensation caused by the accumulator injection moves fluid through the pipes, causing the temperature  
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Figure 32. Measured heater rod surface temperatures near the top of the core. 
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Figure 33. Fluid temperature at the top of the upper head for the base case. 
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Figure 34. Loop 4 hot leg fluid temperature for the base case. 
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Figure 35. Loop 1 hot leg fluid temperature for the base case. 
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to drop. In the calculation, less superheat is observed, and there is some colder liquid appearing in the hot 
leg from either the HPI in the loop 4 hot leg or the accumulator injection to the upper plenum. 

Coolant temperatures in the loop 4 cold leg are presented in Figure 36. In the RELAP5 calculation, 
the coolant became slightly superheated after the cold leg drained; the liquid phase was at the saturation 
temperature from about 150 s until the end of the transient. The periodic decreases in coolant temperature 
after 300 s in both the data and the calculation were caused by accumulator injection. The injection of 
cold water caused some of the steam in the system to condense, reducing the pressure and saturation 
temperature. 

The pressure in steam generator 1 is presented in Figure 37. The measured pressure increased rapidly 
to a peak value of about 8.1 MPa when the steam line isolation valve was closed. Heat transfer back to the 
primary system and heat loss to the environment caused the pressure to decrease steadily for the rest of 
the transient. The calculated pressure mirrored the measured value, with a nearly constant offset over the 
course of the transient.  The pressure response in steam generators 3 and 4 was very similar to that in 
steam generator 1, but steam generator 2 behaved a little differently in the test. Figure 38 shows 
reductions in pressure coincident with the periods of accumulator injection. The accumulator injections 
appeared to move some liquid into the loop 2 steam generator tubes, increasing the heat transfer back to 
the primary system and causing the pressure to drop further than in the other steam generators. 

Figure 39 presents the secondary side liquid levels in steam generator 1. The level increased at the 
beginning of the transient because feedwater flow was still being provided, but the heat transfer from the 
primary system was reduced because the core power was decreasing, resulting in less liquid being boiled 
in the steam generator. It continued to increase in the calculation until about 50 s as liquid drained from 
the feedwater ring and liquid that had been entrained into the upper region of the steam generator fell 
back into the measurement range as the boiling in the steam generator subsided. The level slowly 
decreased until about 100 s, when the primary system pressure dropped below the secondary system 
pressure. The level then decreased more rapidly, as heat transfer to the primary coolant system cooled the 
liquid in the steam generators, causing it to contract. The level then steadily decreased until about 250 s in 
the test, and about 150 s in the calculation, when the rate of decrease slowed, reflecting a slower 
depressurization in the primary coolant system. 

The liquid level in steam generator 2 is shown in Figure 40. Behavior generally similar to that in 
steam generator 1 was observed, except that the liquid level was decreasing at the beginning of the 
transient because there was no feedwater being supplied. The measured behavior was also a bit unusual 
after about 300 s. The abrupt changes in level seem to be coincident with the accumulator injection 
cycles. Decreases in level might occur if the accumulator injection resulted in some liquid reaching the 
steam generator tubes, enhancing the heat transfer back to the primary system, thereby cooling the 
secondary side liquid (and hence reducing the specific volume and liquid level). There is no apparent 
explanation for the level increases, since the primary system pressure is well below that of the secondary 
system (precluding coolant expansion from causing the increase in measured level). 

4.2 Sensitivity Cases 

Sensitivity calculations were performed to investigate the impact of various parameters or code 
options on the predicted transient response. The major area of concern was the amount of liquid present in 
the upper plenum and core. A second concern was the heater rod temperature response. 
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Figure 36. Loop 4 cold leg fluid temperature for the base case. 
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Figure 37. Loop 1 steam generator pressure for the base case. 
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Figure 38. Loop 2 steam generator pressure for the base case. 
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Figure 39. Loop 1 steam generator collapsed liquid level for the base case. 
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Figure 40. Loop 2 steam generator collapsed liquid level for the base case. 

4.2.1 CCFL Off at Core Outlet 

A sensitivity calculation was performed in which the CCFL model was turned off at the core exit 
(junction flag f set to 0 instead of 1). This provides a lower bound on the effects of the CCFL model by 
allowing the maximum amount of liquid to flow from the upper plenum back into the core. The objective 
of this run was to try to reduce the amount of liquid in the upper plenum. 

The result showed little difference in any of the system parameters, except that the core heatup was 
significantly delayed because water penetration into the core from the upper accumulator injection helped 
cool the heater rods. Liquid inventories in the upper plenum, core, and downcomer were nearly the same 
as in the base case calculation. The heatup was also different in that the top portion of the heater rod 
remained cooled, with the maximum temperature occurring lower in the core, as illustrated in Figure 41. 

4.2.2 Single Velocity Option at Core Outlet 

In this calculation, the single velocity option was used at the core outlet junction (junction flag h set 
to 2 instead of 0). This prevented liquid from flowing from the upper plenum back down into the core by 
forcing the liquid to flow with the vapor. This calculation thus provided an upper bound on the possible 
CCFL effects. 

Figure 42 shows that there was little material change in the amount of liquid in the core, compared to 
the base case calculation. With no liquid entering the top of the core, however, the core heatup was 
accelerated, as illustrated by the heater rod temperatures near the top of the core in Figure 43. As in the 
core, there was no noticeable change in the liquid inventory in the upper plenum, either. 
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Figure 41. Calculated heater rod surface temperatures for the CCFL sensitivity case. 
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Figure 42. Core collapsed liquid level for the base and single velocity sensitivity cases. 
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Figure 43. Calculated heater rod surface temperatures for the single velocity sensitivity case. 

4.2.3 Reduced Drag in Upper Plenum 

A sensitivity calculation was performed in which the bundle interphase drag model was turned on in 
the upper plenum region (volume flag b set to 1 instead of 0); this will tend to reduce the calculated drag. 
The objective was to reduce the amount of liquid in the upper plenum. 

Figures 44 and 45 show that the amount of liquid in the upper plenum was reduced in the sensitivity 
calculation, resulting in better agreement with the measured data. The core liquid inventory was increased 
somewhat after 400 s. The effect on the heater rod temperatures is shown in Figure 46. The early, smaller 
heatups are more pronounced than in the base calculation (see Figure 31), and the heatup near 500 s is 
completely quenched in the sensitivity calculation (it was not in the base calculation) because of the 
additional water in the core. However, the calculation was terminated on high temperatures about 90 s 
earlier than in the base case. 

4.2.4 Increased Drag in Core 

A sensitivity calculation was performed in which the bundle interphase drag model was turned off in 
the core region (volume flag b set to 0 instead of 1); this will tend to increase the calculated drag. 

In this calculation, more liquid was retained in both the core (see Figure 47) and the downcomer, 
while the liquid inventory in the upper plenum was essentially unchanged from the base case. The core 
liquid level also showed changes corresponding to the accumulator injection cycles that were much more 
obvious than in the base case calculation. The void profile in the core was also different, with the void 
fraction increasing with elevation in the core, whereas in the base case the void fraction was nearly 
constant along the core height. 
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Figure 44. Differential pressure in the lower portion of the upper plenum for the base and upper plenum 
drag sensitivity cases. 
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Figure 45. Differential pressure in the upper portion of the upper plenum for the base and upper plenum 
drag sensitivity cases. 
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Figure 46. Calculated heater rod surface temperatures for the upper plenum drag sensitivity case. 
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Figure 47. Core collapsed liquid level for the base and core drag sensitivity cases. 
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Figure 48 shows the resulting heater rod temperatures in the core. The numerous small heatups that 
were present in the base case calculation have been eliminated. The heatup behavior is more like that in 
the experiment, although the top of the core did not quench as often as in the test. The heatup is also 
delayed compared to the base case, resulting in the calculation being terminated on high temperatures at 
nearly the same time as the test. 

4.3 Assessment Results 

The assessment findings for the important phenomena expected to be addressed by the experiment 
are presented below. 

Primary system two-phase natural circulation is judged to have been reasonably simulated by the 
code. Natural circulation flow only existed for a relatively short period in the test, with the hot collectors 
in the steam generators draining by 70 s and the primary coolant system pressure dropping below the 
secondary system pressure by 90 s. The loop flow rates were well predicted in making the transition from 
forced to natural convection, and the calculation was in excellent agreement with the measured data 
during the time the measurement was valid. 

Asymmetric loop behavior is judged to be reasonably simulated, although it was not very important 
in either the test or the calculation. The only notable difference between the loops was the high pressure 
injection to the loop 4 hot leg. The effects of this injection, indications of much colder water in that hot 
leg, were seen in both the data and the calculation. The input model, which included all four loops in the 
facility explicitly, would allow differences in loop behavior in other transients to be simulated. 

Leak flow is judged to be reasonably simulated. The fluid conditions upstream of the break were 
calculated well, reflecting both the transient liquid flow and the occasional liquid subcooling. With no 
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Figure 48. Calculated heater rod surface temperatures for the core drag sensitivity case. 
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break characterization data, an assumed set of discharge coefficients was used in the input model. 
Additional sensitivity calculations could be performed to find a set of discharge coefficients that would 
result in a close match to the data. There were no indications of problems with the RELAP5 critical flow 
model. 

No judgment is made for the phenomenon of phase separation without mixture level formation. 
There were not detailed enough measurements to indicate if this occurred in any location in the system 
other than the core, where there were sufficient instruments but a mixture level existed. 

The differential pressure measurements in the steam generators provide information on the collapsed 
liquid level, but by themselves do not provide sufficient information to make a judgment on mixture level 
and entrainment in the steam generator. There are no measurements in the steam generator to determine 
where the mixture level is, or how much liquid is being entrained either out of the tube bundle region or 
into the steam lines during the short period when the steam valves are open. The trend of the steam 
generator levels during the first 50 s indicates that the code may be overpredicting the amount of liquid 
being held above the measurement location, as more liquid appears to be falling back in the calculations 
than in the test. However, the steam generator feedwater is not at a steady state in the test, while it is in 
the calculation. Also, the steam generator geometry is not prototypic, and conclusions drawn from the 
experiment behavior would not necessarily apply to the horizontal steam generators in the power plants. 

The code modeling of mixture level and entrainment in the core is judged to be minimal in the base 
case calculation. While the code correctly predicted the top-down uncovering and heatup, the void 
distribution in the core was much different from that in the test. The heater rods were heating up above 
the coolant saturation temperature over most of their length in the calculation, but not in the test. The 
impact of the accumulator injection on the core differential pressures observed in the test was not 
reproduced well by the code. The behavior was improved, however, in the sensitivity calculation with the 
bundle interphase drag model turned off in the core. 

There were insufficient experiment data to address the phenomenon of flow stratification in 
horizontal pipes. No measurements were available to determine the flow regimes in the piping, so no 
judgment of the code’s capability to model the phenomenon is made. 

Loop seal clearance in the cold legs is judged to be reasonably simulated. While the calculated loop 
seal clearing occurred earlier than was measured, it did occur in both the test and calculation through the 
same mechanism. Condensation in the vessel associated with accumulator injection drew liquid from the 
loop seal toward the cold legs, where some of it flowed to the vessel. When the accumulator injection 
stopped, the liquid levels in the two sides of the loop seal equilibrated, but at successively lower levels 
with each accumulator injection cycle until the loop seal cleared. 

No judgment is made on the code capability to model pool formation in the upper plenum because a 
pool did not form in either the test or the calculation. Based on the differential pressure measurements, the 
calculation retained more liquid in the upper plenum than was measured in the test. However, that liquid 
did not separate into a pool, remaining a fairly uniform two-phase mixture below the nozzle elevations. 

Heat transfer in a covered core is judged to be reasonably simulated. The heat fluxes were low 
enough that the core remained in nucleate boiling until it began to uncover, and no early heatup was 
observed in the test or predicted by the code. 

The code capability to model heat transfer in a partially uncovered core is judged to be reasonable. 
When the core was heating up, the heatup rate matched that in the test. In addition, the heatup rates 
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differed axially in the core, with regions toward the center of the core heating up faster than did those 
toward the ends in both the calculation and the data. 

The code is judged to reasonably simulate pressurizer thermal hydraulics in this test. The pressurizer 
behavior was relatively simple, with the liquid initially in the pressurizer either rapidly draining or 
flashing in response to the upper plenum break. The code adequately modeled the draining/flashing 
behavior, based on the good agreement in both the system pressure (affected by the flashing) and liquid 
level during the first 20 s of the transient. 

The code’s capability to model the integral system effects is judged to be reasonable. The shape of 
the measured pressure curve was similar to that of the test, indicating that all of the significant events that 
occurred in the test were present in the calculation. There were no phenomena in the test that were not 
present in the calculation, nor were there calculated behaviors that were not observed in the test. 
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5. SUMMARY/CONCLUSIONS 

RELAP5/MOD3.2 calculations of an 11% upper plenum break in the PSB facility reasonably 
simulated the basic transient behavior. The experiment progression and controlling phenomena were well 
reproduced by the code. The code assessment findings for the high-ranked phenomena are summarized in 
Table 3. 

Most of the phenomena that were present in the test were reasonably simulated by the code.  The 
major difference between the test and the calculation was the timing of the core heatup, and the thermal 
response to the accumulator injection cycles. The calculation had a more extensive axial heatup, with 
most of the core experiencing small heatups. The accumulator injection was more effective in quenching 
the core in the test than in the calculation. This difference is attributed to the liquid distribution in the 
core, rather than to the heat transfer models in the code. The code calculation had a more uniform axial 
distribution of the liquid in the core, and the accumulator injection did not have much impact on the core 
liquid inventory. Based on this, the code simulation of the mixture level and entrainment in the core was 
judged to be minimal. 

An improved simulation of the core behavior was achieved in the sensitivity calculation in which the 
interphase drag in the core was increased by turning off the bundle volume flag. The current user 
recommendation is to use the bundle flag in vertical rod bundles. These results suggest that that may not 
be appropriate for the VVER bundle geometry. However, this was only a single bundle, and the results 
may differ at full scale. Users should at least investigate the sensitivity of their results to the interphase 
drag modeling in the core. 

Assessment judgments were not made for several phenomena, either because they did not occur in 
the test or because there were insufficient measurements to characterize them. 

Table 3. Assessment results for high-ranked phenomena. 

Phenomenon Judgment 
Primary system two-phase natural circulation Reasonable 
Asymmetric loop behavior Reasonable 
Leak flow Reasonable 
Phase separation without mixture level formation None made 
Mixture level and entrainment in the steam generator None made 
Mixture level and entrainment in the core Minimal 
Flow stratification in horizontal pipes None made 
Loop seal clearance in the cold legs Reasonable 
Pool formation in the upper plenum None made 
Heat transfer in a covered core Reasonable 
Heat transfer in a partially uncovered core Reasonable 
Pressurizer thermal-hydraulics Reasonable 
Integral system effects Reasonable 
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Appendix A 

Input Listing for PSB RELAP5 Model 
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